Control over all internal and external degrees of freedom of molecules at the level of single quantum states will enable a series of fundamental studies in physics and chemistry 1, 2 .
the point of quantum degeneracy. Here, we exploit the fact that high phase-space densities can readily be achieved for atoms and that atoms can efficiently be associated on Feshbach resonances to form molecules 7 with minimal loss of phase-space density when an optical lattice is present.
Subsequent state transfer to a specific hyperfine sublevel of the rovibronic ground state by means of a stimulated multi-photon process then preserves phase-space density and hence the quantumgas character of the molecular ensemble. This approach is expected to allow the preparation of a molecular ground-state BEC 12 .
A crucial ingredient for our experiments is the presence of an optical lattice. It provides full control over the motional wave function and prevents collisional loss. It allows us in particular to maximize the efficiency for initial molecule production and the efficiency for groundstate transfer. In addition, our preparation procedure directly leads to a lattice-trapped molecular many-body state, which forms the basis for the many-body and quantum information experiments envisioned [8] [9] [10] . In the quantum gas regime without the use of an optical lattice, molecular state transfer to deeply-bound rovibrational levels of the singlet 1 Σ ground-state potential has recently Mott shell 5 . With up to 45% of the atoms at doubly-occupied lattice sites we come close to the theoretical limit of 53% given the parabolic density profile of the BEC 6 . The atom pairs reside in the motional ground state at each well and are then associated with near-unity probability 16 to Cs 2 Feshbach molecules, which are subsequently transferred to the weakly-bound level |1 >, the starting level for the optical transfer (see the Methods section) 13, 17, 18 . Atoms at singly-occupied sites are removed by a combination of microwave and optical excitation 16 . We now have a pure molecular sample with near-unity occupation in the central region of the lattice. Each molecule is in the motional ground state of its respective well and perfectly shielded from collisional loss.
We employ stimulated Raman adiabatic passage (STIRAP) 19 involving four laser transitions to coherently transfer the molecules into the lowest rovibrational level |5 >= |v = 0, J = 0 > of the ground state singlet X 1 Σ + g potential as shown in Fig. 2a , bridging a binding energy of hc× 3628.7 cm −1 ≈ h × 109 THz 13 . Here, v and J are the vibrational and rotational quantum numbers, respectively, h is Planck's constant and c is the speed of light. For Cs 2 , a homonuclear molecule, the four-photon process is preferred to a direct two-photon process because it allows us to overcome small Franck-Condon overlap. Lasers L 1 through L 4 couple |1 > and |5 > via three intermediate levels |2 >,|3 >, and |4 > (see the Methods section). For STIRAP in the presence of the lattice, the lattice light must not impede the transfer through optical excitation or by creating unwanted coherences. Also, the lattice wavelength has to be chosen such that the dynamical polarizabilities for |1 > and |5 > are closely matched in order to avoid excitation into higher motional states of the lattice as a result of motional wave-function mismatch 20 . We typically set the lattice depth to a value of 20 E R for atoms, corresponding to 80Ẽ R for Feshbach molecules with twice the polarizability and double the mass and 83Ẽ R for molecules in v = 0 at a lattice wavelength of 1064.5 nm, as determined below. Here, E R (Ẽ R ) is the atomic (molecular) recoil energy.
Our experimental configuration ensures that only one particular molecular hyperfine sublevel is populated. The atomic BEC is prepared in the lowest hyperfine sublevel |F a = 3, m F a = 3 >,
where F a and m F a are the total atomic angular momentum and its projection on the magnetic field.
Feshbach association and transfer between Feshbach levels via avoided crossings, as illustrated It is the lowest-energy hyperfine sublevel and hence the absolute energy ground state of the Cs dimer for magnetic fields above ∼ 13 mT.
There are two possibilities for optical transfer from |1 > to |5 >. Sequential STIRAP (s-STIRAP) uses two consecutive two-photon STIRAP processes, first from |1 > to |3 > and then from |3> to |5>. The second scheme generalizes STIRAP 19, 22 to the five-level system 23 : Fourphoton STIRAP (4p-STIRAP) relies on the existence of a dark state of the form shows the measured band energies together with a calculation of the band structure as a function of lattice depth. On resonance, excitation to higher bands can readily be observed in momentum space as shown in inset a. For comparison, off-resonant modulation transfers hardly any population into higher bands (see inset b). We determine the band energies by taking modulation spectra as shown in inset c. We then use the band structure calculation to fit all measured resonance positions with the molecular dynamical polarizability P |v=0> as the single free parameter. These measurements are done for |v = 0, J = 2 >. We obtain P |v=0> = 2.1(1)×P a , where P a is the atomic polarizability.
For the initial, weakly-bound Feshbach molecules in level |g > we obtain P |g> = 2.0(1) × P a .
Hence the magic wavelength condition is well fulfilled.
We measure the lifetime τ of the molecules in the lattice by varying the hold time τ h for up
to 20 s and recording the number of remaining molecules as shown in Fig. 5 . To reduce inelastic light scattering, the lattice depth was adiabatically reduced to about 41.5Ẽ R after the 4p-STIRAP
transfer. An exponential fit gives a lifetime of τ = 8.1(6) s. We attribute this long lifetime to the large detuning ∆ L ≈ 6.9 THz from the lowest 0 We are now in a position to determine collisional properties of ultracold ground-state molecules in a fully state-selective way. At magnetic fields beyond 13 mT, where the level |I = 6, M I = 6 > becomes the absolute ground state, the sample should show collisional stability and thus allow the formation of a BEC of ground-state molecules when the lattice is adiabatically removed 12 .
The long coherence times and the perfect decoupling from the environment in an optical lattice as demonstrated here will enable a new generation of precision measurements 26, 27 . Furthermore, our results can readily be generalized to heteronuclear systems such as KRb 14 and RbCs 28 , opening up the possibility to study dipolar quantum phases in optical lattices.
Methods
Lattice loading We first follow the procedure detailed in Ref. 18 . In brief, we produce an atomic BEC with typically 1 × 10 5 Cs atoms in the lowest hyperfine sublevel F a = 3, m F a = 3 in a crossed optical dipole trap. We then drive the superfluid-to-Mott-insulator phase transition 5 by exponentially ramping up the power in a three-dimensional optical lattice within about 300 ms.
The lattice is generated by three mutually-orthogonal, retro-reflected laser beams at a wavelength of λ = 1064.5 nm, each with a 1/e-waist of about 350 µm. While ramping up the lattice potential, the power in the two dipole-trap beams is increased to ensure that the central density in the trap is sufficiently high to allow formation of atom pairs at the central wells of the lattice, but not too high to lead to triply occupied sites. We ramp the lattice to a depth of about 20 E R before Feshbach association.
Here,
nK is the atomic photon-recoil energy with the mass m a of the Cs atom and Boltzmann's constant k B . Up to 45% of the atoms reside at doubly occupied lattice sites. We estimate this number from the molecule production efficiency. This value is close to the maximum of 53% that can be achieved for loading a harmonically confined BEC in the Thomas-Fermi limit into an optical lattice 6 .
For the molecules, the recoil energy isẼ R = h 2 /(2×2m a λ 2 ). The polarizability of Feshbach molecules is twice the atomic polarizability. The same lattice that has a depth of 20 E R for the atoms has thus a depth of 80Ẽ R for the Feshbach molecules.
Feshbach association and Feshbach state transfer We efficiently produce weakly bound Cs 2
Feshbach molecules in the presence of the optical lattice by a magnetic field sweep 7 across a narrow g-wave Feshbach resonance with its pole at a magnetic field value of B = 1.98 mT 17, 29 .
The molecules are initially in level |g >, for which = 4. Here, is the quantum number associated with the mechanical rotation of the nuclei 7 . We subsequently transfer the molecules via level |g 2 > with 95% efficiency into level |s >≡ |1 > with = 0 by magnetic field ramping 17, 18 as shown in Fig.   2b . For this level, the transitions to excited molecular levels are stronger than for the initial level |g > 30 . We obtain up to 2.5 ×10 4 Feshbach molecules in the lattice in the desired starting state.
We detect the molecules in |1 > by reversing the Feshbach state transfer sequence, dissociating the molecules at the Feshbach resonance and detecting the resulting atoms by standard absorption imaging 29 .
Molecular states for ground state transfer The relevant molecular states for Cs 2 are shown in 
